Cell therapy is a promising approach for the treatment of incurable and chronic diseases. Diabetes mellitus is an autoimmune and chronic disease that leads to insulin deficiency and several complications such as neuropathy, nephropathy, retinopathy, cardiovascular diseases [1] [2] [3] . According to World Health Organization reports, 347 million people worldwide have diabetes, the mortality of which will rise by more than 50% between 2005 and 2030. Insulin therapy has been accepted as a standard therapy since the advent of insulin. But, fluctuation of blood glucose during this therapy results in severe complications and death. The use of modified insulin formulations and delivery systems has improved the successful control of the disease. However, there is still the possibility of hypoglycemic episodes and complications related to insulin administration devices. It seems the only treatment for diabetes is pancreas transplantation [4] . Pancreas transplantation was carried out for the first time in 1966 [5] . Despite poor initial results, improvements in the surgical techniques and immunosuppressive regimens increased the efficacy and safety of this procedure. However, the whole organ transplantation needs invasive surgical procedures and is associated with significant morbidity and mortality. In diabetes patients, there is only need to receive endocrine pancreas that includes 2% of the whole pancreas. Delivery of the whole pancreas is associated with infection, thrombosis and pancreatitis. Therefore, pancreatic islet transplantation can be more desirable [6, 7] . Pancreatic islet transplantation is less invasive and appears to be superior in the metabolic and immunologic aspects. According to recent Collaborative Islet Transplant Registry report, the complications of islet transplantation are 20 times lower than the whole pancreas transplantation. Another advantage of islet transplantation is possibility of isolation and transplantation of islets from inappropriate pancre- The treatment of diabetes mellitus, as a chronic and complicated disease, is a valuable purpose. Islet transplantation can provide metabolic stability and insulin independence in type 1 diabetes patients. Diet and insulin therapy are only diabetes controllers and cannot remove all of the diabetes complications. Moreover, islet transplantation is more promising treatment than whole pancreas transplantation because of lesser invasive surgical procedure and morbidity and mortality. According to the importance of extracellular matrix for islet viability and function, microenvironment remodeling of pancreatic endocrine tissue can lead to more success in diabetes treatment by pancreatic islets. Production of bioengineered pancreas and remodeling of pancreas extracellular matrix provide essential microenvironment for re-vascularization, re-innervation and signaling cascades triggering. Therefore, islets show better viability and function in these conditions. Researchers conduct various scaffolds with different biomaterials for the improvement of islet viability, function and transplantation outcome. The attention to normal pancreas anatomy, embryology and histology is critical to understand the pancreatic Langerhans islets niche and finally to achieve efficient engineered structure. Therefore, in the present study, the status and components of the islets niche is mentioned and fundamental issues related to the tissue engineering of this structure is considered. The purpose of this review article is summarization of recent progress in the endocrine pancreas tissue engineering and biomaterials and biological aspects of it.
INTRODUCTION
Cell therapy is a promising approach for the treatment of incurable and chronic diseases. Diabetes mellitus is an autoimmune and chronic disease that leads to insulin deficiency and several complications such as neuropathy, nephropathy, retinopathy, cardiovascular diseases [1] [2] [3] . According to World Health Organization reports, 347 million people worldwide have diabetes, the mortality of which will rise by more than 50% between 2005 and 2030. Insulin therapy has been accepted as a standard therapy since the advent of insulin. But, fluctuation of blood glucose during this therapy results in severe complications and death. The use of modified insulin formulations and delivery systems has improved the successful control of the disease. However, there is still the possibility of hypoglycemic episodes and complications related to insulin administration devices. It seems the only treatment for diabetes is pancreas transplantation [4] . Pancreas transplantation was carried out for the first time in 1966 [5] . Despite poor initial results, improvements in the surgical techniques and immunosuppressive regimens increased the efficacy and safety of this procedure. However, the whole organ transplantation needs invasive surgical procedures and is associated with significant morbidity and mortality. In diabetes patients, there is only need to receive endocrine pancreas that includes 2% of the whole pancreas. Delivery of the whole pancreas is associated with infection, thrombosis and pancreatitis. Therefore, pancreatic islet transplantation can be more desirable [6, 7] . Pancreatic islet transplantation is less invasive and appears to be superior in the metabolic and immunologic aspects. According to recent Collaborative Islet Transplant Registry report, the complications of islet transplantation are 20 times lower than the whole pancreas transplantation. Another advantage of islet transplantation is possibility of isolation and transplantation of islets from inappropriate pancre- The treatment of diabetes mellitus, as a chronic and complicated disease, is a valuable purpose. Islet transplantation can provide metabolic stability and insulin independence in type 1 diabetes patients. Diet and insulin therapy are only diabetes controllers and cannot remove all of the diabetes complications. Moreover, islet transplantation is more promising treatment than whole pancreas transplantation because of lesser invasive surgical procedure and morbidity and mortality. According to the importance of extracellular matrix for islet viability and function, microenvironment remodeling of pancreatic endocrine tissue can lead to more success in diabetes treatment by pancreatic islets. Production of bioengineered pancreas and remodeling of pancreas extracellular matrix provide essential microenvironment for re-vascularization, re-innervation and signaling cascades triggering. Therefore, islets show better viability and function in these conditions. Researchers conduct various scaffolds with different biomaterials for the improvement of islet viability, function and transplantation outcome. The attention to normal pancreas anatomy, embryology and histology is critical to understand the pancreatic Langerhans islets niche and finally to achieve efficient engineered structure. Therefore, in the present study, the status and components of the islets niche is mentioned and fundamental issues related to the tissue engineering of this structure is considered. The purpose of this review article is summarization of recent progress in the endocrine pancreas tissue engineering and biomaterials and biological aspects of it.
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Insight into Microenvironment Remodeling in Pancreatic Endocrine Tissue Engineering: Biological and Biomaterial Approaches as for the whole organ transplantation. Therefore, the shortage of organ donor somewhat reduces [7] . Efforts for the treatments of diabetes by islet transplantation has started since the 1970s [8, 9] . Several islet transplantation clinical trials have been conducted to control diabetes complications [10] [11] [12] [13] . While islet transplantation is a potential and promising method, there is evidence of islet dysfunction and loss of implant after engraftment [14] [15] [16] .
Researchers have done pancreatic islet isolation in various centers [17] [18] [19] . Application of cells alone for the treatment of diseases creates some problems. After cell isolation extracellular matrix (ECM), internal vascularization and innervation is disrupted. During and after isolation of cells from native niche, the cells experience a stressful condition and undergo dysfunction, destruction and death over time [20] [21] [22] . Therefore, the establishment of appropriate scaffold for the cells can be helpful in this condition. Researchers have recently focused on the production of bioengineered pancreas and pancreas ECM remodeling [23] [24] [25] .
Tissue engineering is an interesting approach for regeneration of ECM and maintenance of cell function and structure. This field of science is potential for control and treatment of diabetes. In this review, we first describe endocrine pancreas structure and niche and then summarize the advancement in recent studies on the remodeling of endocrine pancreas ECM and biomaterials and biological aspects of pancreatic endocrine tissue engineering.
MACROANATOMY AND MICROANATOMY OF THE PANCREAS
For success in the endocrine pancreas ECM remodeling, considering the native pancreas structure is essential. Pancreas is a secretory organ that lies in the abdominal cavity. The pancreas has an endodermal origin and forms from a ventral and a dorsal bud of the foregut [26] . The average size of this gland is about 16 cm long, 10.5 cm wide, 2.5 cm thick, and 75 g weight [27] . The pancreatic parenchyma is divided into distinct and incomplete lobes and lobules by a fibrous capsule that surrounds the organ. Each lobule is composed of acini that form the functional unit of the pancreatic exocrine. The secretory cells of acini release pancreatic juice that are transported by ducts to the pancreatic duct and finally into the duodenum [26] . The endocrine part of the pancreas comprise 1-4% of the total pancreas volume [28] . The functional units of the endocrine pancreas are the islets of Langerhans and single endocrine cells scattered throughout the exocrine pancreas [29] . There are at least 5 types of hormone secreting cells in the islets. Beta cells, as the most pancreatic endocrine cells, constitute 50-70% of the total and secrete insulin. Alpha cells are glucagon producing and releasing cells, contributing to 20-40% of the total. Other endocrine cells are delta cells, PP cells, and epsilon cells that release somatostatin, pancreatic polypeptide and ghrelin, respectively. These endocrine cells constitute less than 20% of the cells [30, 31] . Pericytes, macrophages and dendritic cells are other cells throughout the islets [28, 32] .
Endothelial cells have been found close to the endocrine cells of the islets. The endothelium is non-fenestrated and is supported discontinuously by the basal lamina [33] . The islets have an extensive vasculature that constitutes 7-8% of the total islet volume and receive blood about 10-times more than the exocrine part [34] . Arterioles enter each islet and form a dense network. Finally, endocrine secretions are delivered to the vessels and systemic circulation [35, 36] . The pancreas receives a rich innervation from the sympathetic, parasympathetic, and afferent nerve fibers. These fibers pass through the pancreatic tissue and are closely associated with vascular network and endocrine cells [37] . Attention to rich vascular and neural networks in the pancreatic tissue and close communication of these networks with the structure and function of the pancreatic islet cells can be a useful guide in pancreatic tissue engineering.
NATIVE PANCREATIC ISLET MICROENVIRONMENT
ECM composition of the islet is varied in different stages of human development ( 
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one million islets and several thousand individual endocrine cells arranged in each islet [38] . A sheath of collagen and glia surround the islet [28] . A single layer of fibroblasts around the adult human islet produce collagen fibers [39] . Adult human islet ECM is composed of collagen (Coll)-I, -III, -IV, -V, -VI, laminin (LM) and fibronectin (FN) with various prevalence [40, 41] . Early precursor tissue is arranged by Coll-IV, vitronectin (VN), and FN and Developing islets ECM is comprised of Coll-IV and LM and probably FN and VN [42] . Formation of fibrillar structures, networks and beaded filaments is associated with the presence of different types of collagen in the islets [43] . Coll-IV has a high prevalence and contributes to basement membrane network formation [41] . This type of collagen induces essential signaling for islet adhesion, proliferation and insulin secretion via interaction between the integrin and ECM [22, 44, 45] . Researchers reported that Coll-VI is a major component of human pancreas and the amount of this component is more than two times greater compared with Coll-I or Coll-IV [46] .
LM is an important component of the basement membrane. There are different isoforms of LM around the islets [47] . LM-111 supports survival and differentiation of pancreatic islet cells [48] . It has been reported that LM-111 is absent in maturity [47] . LM-511 is the only isoform present in the human pancreas endocrine [39] . Analysis of molecular composition of human islet basement membrane has shown that human beta cells connect to LM-511 through integrin α3β1 and Lutheran glycoprotein. In vitro studies demonstrated that LM-511 partially blocks dedifferentiation of beta cells [49] .
FN plays essential structural and functional roles in ECM. RGD domains of FN, as a ligand for integrins, stimulate a conformational change in its receptor and conduct signaling cascades [50] . FN contributes to early precursor and adult islet ECM composition. In developing islets, little, if any, FN is present in the core of the islet clusters [42] . VN is another ECM protein that plays a role in cell adhesion [51] . Researchers suggest that VN positive cells are the source of endocrine progenitors [42] .
Membrane-bound receptors, such as integrins, are important molecules in cellular function. These molecules initiate signaling cascades, leading to genetic expression and regulation of cellular characteristics and function [52] . Composition of human islets integrin receptors is controversial. The expression of α-3, -5, -v [53, 54] and β-1, -3, -5 [42, 45] subunits is more likely in human islets [41] .
In cell-based studies for diabetes, application of both stem cells and pancreatic islet cells has been investigated [55] [56] [57] [58] . Researchers showed that the culture of isolated islet cells on plastic surface without matrix support leads to glucose unresponsiveness. However, maintenance of islet β-cell glucose responsiveness is attained by the culture of these cells on the ECM [59] . Three-dimensional differentiation of the embryonic stem cells into islet-like clusters within the collagen gel has been investigated. This model of differentiation provided a more efficient system to produce islet-like clusters than two-dimensional environment [60] . Attention to the pancreas niche and the presence of various protein components in different stages of pancreas development and then the selection of correct natural biomaterials can be effective in successful differentiation of the cells into viable and functional insulin-producing cells.
BIOENGINEERING APPROACHES TO IMPROVE ISLET MICROENVIRONMENT FOR ISLET TRANSPLANTATION
Mechanical and enzymatic digestion procedures for islet cells isolation resulted in disruption of the biological and mechanical support of the islets. Tissue engineering represents advanced methods for regeneration of interrupted ECM. Therefore, tissue engineering and regenerative medicine can be considered as a therapeutic option in islet transplantation. Recently, researchers have used different biomaterials and methods to access an efficient and optimal system for pancreas ECM remodeling and islet transplantation. The present review discusses the recent biomaterials and methods in pancreatic endocrine microenvironment remodeling.
BIOMATERIALS
Selection of appropriate natural and synthetic ECM analogues is an important key in successful bioengineering. The constructed scaffolds have to mimic native ECM. Synthetic biomaterials have many advantages including availability, specific degradation rate, nonimmunogenicity, good mechanical strength and controllable characteristics. Lack of biological activity in synthetic agents can be overcome by natural polymer application. Biological activity of these polymers results in cell adhesion, growth and differentiation. Induction of immune response, poor mechanical strength, and variations in degradation rates are disadvantages of these polymers [61, 62] .
Various studies have been conducted by natural ECM components. Researchers showed that Coll-I/-IV and FN cause cell adhesion and FN maintains the human islet structure and insulin content distribution [22] . Three-dimensional structures containing Coll-I can induce β-cell proliferation and insulin secretion [63] . Analysis of the Coll-IV impacts on human β-cell characteristics indicated that binding between α1β1 integrin and Coll-IV is important for cell motility and glucose homeo-stasis [44] .
Alginate is an important biomaterial in bioengineering and biomedicine which belongs to the family of polysaccharides [64] . Application of alginate has some advantages as the most common biomaterial for islet encapsulation. Processing of the alginate capsules is possible at physiological conditions including body temperature and physiological pH and osmolality [65, 66] . This material is generally biocompatible and biodegradable. Alginate is useful for cell encapsulation and controlled delivery of biologically active agents [67] . Alginate can affect the cell growth, metabolism and insulin production [68] [69] [70] .
Chitosan is another polysaccharide-based biomaterial in the bioengineered scaffold. Chitosan is known for biocompatibility with human cells, biodegradability, antimicrobial activity and hemostatic activity [71, 72] . This natural polymer has been applied in endocrine pancreas tissue engineering. Reports suggest that application of collagen-chitosan hydrogel can be an efficient strategy to achieve the pro-angiogenic site for islet transplantation [73] . Chitosan hydrogels can show cytoprotection properties against the recipient's immune system in xenogeneic islet transplantation without effect on the insulin secretion. According to the safety and characteristics of chitosan, this hydrogel can be an alternative biomaterial for islet encapsulation in pre-clinical and clinical applications [74] .
Heparin is a complex polymer which can be used for surface engineering of the pancreatic islets. Modification of the islet surface by heparin can provide inhibition of coagulation and complement activation [75] . Heparin plays several roles in angiogenesis and growth factor binding [76] . The affinity of heparin to a number of bioactive components has been employed for immobilization of heparin and growth factors on the islet surface [77] . Research has shown that the culture of the porcine islets with heparin protects them from damage [78] . Incorporation of synthetic biomaterials into heparin can affect the islet transplantation outcome [79] . Synthetic biomaterials can provide a natural environment without triggering an immune reaction [80] .
Various synthetic biomaterials have been investigated for ECM remodeling of the pancreatic islets. The most commonly used biodegradable synthetic polymers belong to the polyester family. Poly-glycolic acid (PGA) is an aliphatic-polyester that possesses biocompatibility and reproducible mechanical properties. The degradation rate of this polymer is predictable and metabolization of its degradation product is possible. Therefore, the application of this polymer is interesting in tissue engineering [81] . Rat's islet cells have been successfully cultured on PGA scaffold. This scaffold showed positive effects on viability and insulin secretion of the islet cells [82] . Transplantation of the rat's islets in the presence of PGA scaffolds indicates appropriate cell adhesion to the scaffolds and improvement of the grafts' morphology and function [83] .
Poly-lactic acid (PLA) is another aliphatic-polyester with low tensile strength and rapid degradation rate. PLA possesses more hydrophobicity and slower degradation than PGA [84] . For access to benefits of PLA and PGA, their copolymer has been formed as poly-lactic-co-glycolic acid (PLGA). This copolymer indicates lower crystallinity and melting temperature than each individual homopolymer. The degradation rate and mechanical strength can be adjusted by the ratio of PLA/PGA for many tissue engineering objects [85, 86] . Researchers demonstrated supportive function of PLGA scaffold in murine islet transplantation. Infiltration of the host cells into the scaffold, healthy morphology maintenance, support by host tissue and diabetes reversal were observed by this type of scaffold [87] .
METHODS
Scaffold fabrication is an important stage of engineered tissue production. Researchers have applied various methods to produce efficient and adaptive three-dimensional environments for the pancreatic islet culture and transplantation. Recent biomaterials and biological approaches for endocrine pancreas ECM remodeling are summarized in Table 1 .
Encapsulation is the most common approach in islet bioengineering. Immunoisolation of the islets using alginate-based capsule was firstly described by Lim and Sun [88] . Encapsulation can protect the cells against recipient immune system cells, but the islet survival and function are limited [89] . Different types of encapsulation devices have been defined. Macroencapsulation is the encapsulation process using a large number of islets in the form of hollow fiber, planar membrane or capsule. Microencapsulation is encapsulation of the single islet or a small number of islets within a thin layer of polymer gel. Conformal coating which covers individual islet and nonoencapsulation or layer by layer coating are another type of encapsulation [90, 91] . Appropriate volume and permeability of these structures are essential for oxygen, nutrition, and glucose level access [92, 93] .
Researchers reported the effect of alginate encapsulation on human islets. They found that barium alginate has a limited effect on the cellular transcriptome. In vivo studies showed variability of the isolated islet quality center to center [94] . Viability and functionality of encapsulated human islets in alginate sheets have been investigated. In vivo studies showed that subcutaneously implanted sheets remained viable and efficient after 8 weeks [68] . Moreover, microencapsulation of human pancreatic islet-derived precursor cells in alginate device can lead to differentiation of the precursor cells into the functional beta celllike cells. These findings show that alginate encapsulation may provide a favorable microenvironment for the islets and islet Alginate sheets -Transplantation in the subcutaneous space of rats
Human islets
In vitro: -Viability and functionality of islet sheets over 8 weeks In vivo:
-Viability and functionality of islet sheets over 8 weeks 2011 [68] Perfluorodecalin-enriched fibrin matrix
In vitro: -Improvement of islet viability and function to controls -Level of hypoxia makers expression similar to control 2011 [105] Microwell scaffolds from a thin polymer film or an electrospun mesh of (PEOT/PBT) block copolymer
In vitro: -Higher glucose flux through electrospun scaffolds than thin film scaffolds -Similarity of insulin content and insulin secretion between islets cultured in scaffolds and free floating ones -Maintenance of islet morphology and insulin and glucagon expression during microwell culture In vivo:- -Biocompatibility of decellularized scaffold 2013 [112] precursor cells [95] . In a comparative study, the effect of alginate, alginate-chitosan and alginate-chitosan-polyethylene glycol was investigated. Results showed higher viability and more insulin secretion in the alginate group [96] . Jun et al. [97] investigated encapsulation of co-cultured islet spheroids using microfluidic chip technology. Findings showed that adipose derived stem cells (ADSCs) have a protective effect on islet damage during culture and pre-transplantation. Transplantation of microfiber encapsulated islet spheroids resulted in blood glucose maintenance in the mouse model. There are few clinical studies on engineered islets and almost all studies are with encapsulated islets. In these clinical trials encapsulated human or porcine islets were implanted in the peritoneal cavity or subcutaneous space in patients with type 1 diabetes mellitus [98] [99] [100] [101] [102] [103] [104] . In a recent report, sodium alginate encapsulated human islets were intraperitoneally transplanted in four cases of type 1 diabetes mellitus. The patients' follow-up showed positive serum C-peptide throughout 3 years. Moreover, stability of blood glucose without any immune response was observed [98] .
Daoud et al. [63] report a suitable platform for long-term maintenance of human pancreatic islets. They evaluated different scaffolds, collagen gel with or without ECM components and microfabricated scaffold with ECM supplemented gel and concluded that incorporation of ECM components within the scaffolds improved the long-term islet culture. Moreover, presence of ECM components in controlled pore structure microfabricated scaffold showed the responsiveness of glucose similar to fresh islets. Decrease of oxygen supply is a crucial condition during and after islet isolation. Researchers recruited perfluorodecalin-enriched fibrin matrix as a scaffold with diffusion enhancing medium against oxygen deficiency during islet culture. Results showed that this system can be effective on human islet viability and function in vitro. However, the level of the hypoxia markers remained similar to the controls [105] . Transplantation of human ADSCs and pancreatic islets through fibrin gel resulted in normalization of blood glucose levels in diabetic mice models. This co-culture system improved the islet's viability and regeneration of microvasculature [106] . Validation of micro-well scaffolds for human islet culture was done in a recent study. In this study, scaffolds were fabricated by synthetic copolymers of poly (ethylene oxide terephthalate)-poly(butylene terephthalate) in the form of thin film and electrospun mesh. Findings indicated the stability of islet' native morphology in the micro-well scaffold platform. Moreover, the insulin and glucagon expression and islet functionality were not impaired in this environment. However, the glucose flux occurred three times higher in the electrospun scaffolds [107] . Researchers reported heparin mimetic peptide nano-fiber gels containing growth factors can provide a suitable supportive environment for the rat' s islets. The cultured islets under this condition showed a similar glucose stimulation index as the fresh islets. In vivo studies indicated better [108] . Perfusion-decellularized organs probably make a suitable platform for cell culture and transplantation. This scaffold plays compositional, structural, and biomechanical roles of a native organ ECM [109] . Decellularization of the pancreas has been reported in animal models [110] [111] [112] . Perfusion-decellulaization and recellularization of the mouse pancreas has been successfully done. After engraftment of MIN-6 b-cells in the scaffold, up-regulation of insulin gene expression has occurred. These results support the application of the whole pancreas ECM as a biocompatible and biological scaffold [112] .
Overall, transplantation of the pancreatic islets is a promising approach for the treatment of type 1 diabetes. However, viability and efficiency of transplanted islets are restricted due to the destruction of ECM during and after cell isolation. Therefore, remodeling a suitable and efficient supportive platform is important for successful islet culture and transplantation.
CONCLUSION
Construction of a three-dimensional artificial matrix can lead to improvement of cell viability and function in vitro and act as a platform and carrier for cell transplantation. Therefore, regenerative medicine by tissue engineering technology has the potential to provide a suitable and lifelong method for the treatment of diabetes. To achieve this goal, intensive researches are essential.
